Abstract-A two-dimensional (2D) analytical model for the potential distribution and threshold voltage of short-channel ion-implanted GaAs MESFETs operating in the sub-threshold regime has been presented. A double-integrable Gaussian-like function has been assumed as the doping distribution profile in the vertical direction of the channel. The Schottky gate has been assumed to be semi-transparent through which optical radiation is coupled into the device. The 2D potential distribution in the channel of the shortchannel device has been obtained by solving the 2D Poisson's equation by using suitable boundary conditions. The effects of excess carrier generation due to the incident optical radiation in channel region have been included in the Poisson's equation to study the optical effects on the device. The potential function has been utilized to model the threshold voltage of the device under dark and illuminated conditions. The proposed model has been verified by comparing the theoretically predicted results with simulated data obtained by using the commercially available ATLAS TM 2D device simulator.
I. INTRODUCTION
GaAs Metal-Semiconductor Field Effect Transistors (GaAs MESFETs) have drawn considerable attention for the designing of high-speed digital/analog integrated circuits and microwave monolithic ICs [1] [2] [3] [4] [5] [6] [7] [8] [9] . A number of studies have illustrated that both the dc and microwave characteristics of a GaAs MESFET can be modified by coupling a fraction of the optical power radiated by an external source into the channel of the device [10] [11] [12] [13] [14] [15] [16] [17] . The excess electron-hole pair generation due to the optical radiation in the channel is utilized to control the device characteristics. Since these excess electron-hole pairs can be controlled by the radiated power level of the external optical source, the radiated power level has direct control on the device characteristics. The optical radiation incident on the device can thus be viewed as an extra input terminal of the MESFET through which the microwave device or circuit (e.g. MMIC) performance can be governed. A MESFET with a transparent or semi-transparent Schottky-metal (at the gate) to the desired incident radiation is known as optically controlled field effect transistor (OPFET).
Optically controlled microwave devices and systems exhibit certain advantages such as size reduction, signal isolation, large bandwidth and immunity to electromagnetic interference. It has also been shown that the incident illumination reduces the noise figure but increases the unilateral power gain of a GaAs OPFET [18] [19] . Due to such properties, high-speed, low-cost, monolithically integrated optically gated GaAs MESFETs are presently in high demand for low-wavelength high-frequency optical communication systems [10, 12] . A number of investigations [20] [21] [22] [23] [24] [25] have previously been performed to study the photo effects on GaAs-MESFET to describe its operation and application under dark and illuminated conditions. GaAs MESFETs with gate length values in the range of 0.2-0.5 µm show high drain-source current and large transconductance values at microwave frequencies [26] . The one dimensional (1D) Poisson's equation will fail to provide potential distribution of such MESFETs with a channel length in the above mentioned range since the electrical characteristics of these scaleddown devices are known to be greatly influenced by the two-dimensional potential distribution and high electric field effects [27] . Thus, the 2D Poisson's equation is required to be solved to obtain the channel potential and threshold voltage of short-channel devices which can be utilized for further modeling of the electrical characteristics of the device.
A number of studies have [28] [29] demonstrated that shortening of channel length leads to small-geometry transistors for denser as well as faster integrated circuits; and non uniform heavy doping in the channel region can provide higher drain saturation current and transconductance. In general, various techniques can be used for producing non-uniform doping in the channel region of the device among which ion-implantation is found to be very effective for improved GaAs MESFET performance [30] . It may be mentioned that the ion-implantation method produces a Gaussian doping profile which is an analytically non-integrable function. In other words, integration of the Gaussian function within finite limits introduces the error function which is not analytical in nature. Thus, the 2D modeling of the potential distribution and threshold voltage of short-channel ionimplanted GaAs MESFETs is always a difficult and challenging task. The complexity is increased further if the modeling is carried out for a short-gate length GaAs MESFETs operating under illuminated condition where the additional effects of incident illumination on the device characteristics is required to be included in the model. Bose et al [25] presented the modeling of short channel GaAs MESFETs under illuminated condition. However, they assumed uniformly distributed device channel and results presented by them are not validated by any experimental or numerical simulation data. To the best of our knowledge, no work has been reported so far in the literature for the two-dimensional analytical model of an ion-implanted short-channel GaAs MESFETs under dark and illuminations.
In the present paper, an attempt has been made to analytically model the channel potential and threshold voltage of short channel optically biased GaAs MESFETs with vertical Gaussian profile to achieve faster and denser components for photonic MMICs. The model uses a Gaussian-like analytic function proposed by Dasgupta et al [31] in place of the actual non-analytic Gaussian function for making the model purely analytical one. The model is simplified further by assuming that the vertical channel doping is Gaussian in nature whereas it is uniform in the lateral direction. The 2D potential distribution function is obtained by solving the 2D Poisson's equation using superposition method in conjunction with appropriate boundary conditions. Appropriate modification has been incorporated in the Poisson's equation to include the photo effects on the device characteristics of the GaAs MESFETs under illuminated condition. Since the threshold voltage is the key parameter in both the dc and microwave circuit design using GaAs MESFETs, the effect of optical illumination on threshold voltage of GaAs OPFET has also been investigated. Theoretically predicted results are compared with the simulation data obtained from ATLAS TM , a commercially available 2D device simulator [32] .
II. DEVICE DETAILS
The schematic structure of fully depleted optically biased GaAs MESFET used for modeling is shown in Fig. 1 where, a and L are active layer thickness and gate length respectively. The substrate of the device is assumed to be an undoped high pure LEC (LiquidEncapsulated Czochralski) semi-insulating GaAs material. The active channel region of the device is an n-GaAs layer which can be obtained by ion implanting Si into semi-insulating substrate. Monochromatic light of energy greater than or equal to the band gap energy of GaAs is allowed to fall upon the gate area of the device along the y-axis. Indium Tin Oxide (ITO) has been used as the Schottky-gate metal due to its high optical trans-mittance of incident illumination on its gate surface [33] .
The undoped substrate is assumed to have a uniform doping concentration of s N . The implantation is assumed from an infinitesimal beam that scanned uniformly across the substrate surface so that the ion distribution profile becomes 1D Gaussian function described by [34] 
where Q is the dose, p R is the projected range,  is the projected straggle, and
ion concentration in the substrate.
Taking the substrate doping concentration s N into account, the doping distribution in the channel can approximately be described by [35] 

The channel region of the device is considered to be a fully depleted one and electron-hole pairs are generated due to the incident optical radiation in the depletion region below the semi-transparent Schottky gate. The photo-generated holes are swept out into the metal side through the gate-channel junction due to the presence of the static electric field in the depletion region. This results in a photocurrent flowing from the active layer of the MESFET to the metal at the gate and consequently develops a photovoltage op V at the Schottky junction, which makes the junction forward biased. under illuminated condition which can be expressed as [25] 
III. THEORETICAL MODEL 1. Modeling of the 2D Channel Potential Function
where 0  is the photon flux density expressed as 
where bi V is the Schottky-barrier built-in potential, gs V is the applied gate bias and op V is the photovoltage developed at the Schottky junction due to illumination which can be described by [37] 
where s J is reverse saturation current density at the gate depletion layer interface, k is the Boltzman constant, T is room temperature(i.e., 300 K), n is the ideality factor of Schottky junction, q is the charge of an electron, and ) 0 ( p J is the hole current density crossing the gate-channel interface given by [37] 
where p v is the saturation velocity of hole and
is the photo-generated hole density in the depletion region and 0 ) (
is described by [37]  
Applying the superposition technique [38] 
with the following boundary conditions:
The function ) ( 
where A , B are the arbitrary constants expressed as (27) Applying the standard technique of separation of variables [39] and using the boundary conditions described by Eqs. (24) (25) (26) (27) , 
Thus, the resultant expression   
in Eq. (28) decreases very rapidly with the increase in n since n k is increased with n . Further, it may be verified that both n A and n B are also decreased with the increase in n .
Therefore, it may be a quite reasonable assumption to consider only the fundamental term for 1  n of the series to approximately express  
Where 1 k , 1 A , and 1 B can be determined by using
Modeling of Threshold Voltage
The threshold voltage, V th , of a short channel optically biased MESFET can be obtained as [40] 
where 1 k and 1 A are obtained from Eq. (29) and Eq.
(30) with 1  n , respectively, and tho V is the threshold voltage of the long-channel MESFET which can be obtained as [40] :
where po V is the pinch-off voltage defined as [41] , 
V. RESULTS AND DISCUSSION
In this section, we will compare our model results with those obtained by using the commercially available 2D device simulator ATLAS First of all, we have compared Fig. 2 for showing that, for a given gate length, the source-channel potential barrier is reduced due to the incident optical radiation on the device. This is due to the fact that the photovoltage developed across the junction due to illumination forward biases the Schottky gate-channel junction and thereby decreasing the source-channel barrier potential. This implies that the height of the depletion region below the gate is decreased with the increase in the level of incident illumination on the device.
The channel potential variation as a function of channel length ) (L has been shown in Fig. 4 for different values of projected straggle  . It is observed that source-channel barrier height is decreased with the with gate length for dark and illuminated conditions. It has been observed that, for gate length less than 0.2 µm, drain induced barrier lowering (DIBL) effect becomes prominent which, in turn, reduces the threshold voltage of the device. It is also found that the threshold voltage under illuminated condition is smaller that that obtained under the dark condition of the device. This is due to the development of photovoltage at the Schottky gate owing to the incident optical radiation which makes the junction forward biased.
Variation of the threshold voltage ) ( th V with incident optical power ) ( in P on the device is shown in Fig. 6 .
The figure shows that the threshold voltage is decreased with the increase in the incident optical power. The abrupt change in threshold voltage at mW 1 . 0 is due to the fact that the developed photovoltage is too small to make a change in the device characteristics below the mentioned power level. Once the incident optical power is increased beyond the above level, the photo-generated carriers become sufficient in numbers to develop a significant amount of photovoltage which forward biases the gate-channel junction and reduces the threshold voltage of the device. device for different channel thickness ) (a . It is observed that threshold voltage degradation due to short-channel effect can be optimized by reducing the channel thickness.
VI. CONCLUSIONS
In this paper, a 2D channel potential has been modeled for fully depleted optically biased GaAs MESFET device with a Gaussian-like doping profile in the vertical direction. The 2D potential distribution has been derived by solving the 2D Poisson's equation using the separation of variable technique. Optical radiation dependent threshold voltage expression has also been derived and compared with dark condition. The observed threshold voltage degradation due to shortchannel effects can be minimized by reducing channel thickness of a GaAs MESFET. The proposed model results are found to be well-matched with the ATLAS TM simulation data.
